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Introduction
Further improvement of climate models and better understanding of the shifting radiative power balance in the Earth's atmosphere requires increasingly accurate measurements of greenhouse gases (CO 2 , CH 4 , etc.) concentration distribution in the atmosphere on the global scale [1, 2] . Ground-based and airborne LIDAR schemes, based on differential absorption lidar (DIAL), are currently employed to achieve the required sensitivity [2] [3] [4] [5] . Determining the global concentration distributions and their dynamics however requires spaceborne LIDAR instruments to improve on the data produced by the passive spaceborne instruments [1, 2, 6, 7] . For this reason several DIAL LIDAR missions have been proposed and are under active development [1, 8] . Targeting the 2 µm spectral region is beneficial due to the possibility to simultaneously access several gas species, including CO 2 , CH 4 and H 2 O. A spaceborne DIAL LIDAR instrument typically requires substantial pulse energy of tens of mJ delivered in transform-limited nanosecond pulses with rapidly tunable central wavelength. Although solid state and fiber lasers based on Tm 3+ , Ho 3+ are being investigated for LIDAR applications [9, 10] , the coherent light sources based on optical parametric oscillators and amplifiers remain the most viable technology for the active spaceborne multispecies gas sensing instruments today. Pulsed parametric sources based on optical parametric oscillators (OPO's) and optical parametric amplifiers (OPA's) are well suited for such applications, due to their high-energy output, high overall efficiencies, broad tunability and access to wavelengths within the mid-infrared.
For such schemes operating around 2 µm and pumped with well-established 1 µm lasers, type-II phase matched KTiOPO 4 (KTP) is widely used as the gain material owing to its highdamage threshold, narrow gain bandwidth, relatively high nonlinearity and broad transparency. Owing to the critical phase matching, multi-crystal walk-off compensating arrangements [4, 11, 12] or more elaborate OPO cavities with image-rotation [13, 14] are usually employed to increase the output beam quality. Tuning in such arrangements involves precise rotation of pair of crystals in opposite direction and represents an additional and unwelcome complication in the LIDAR systems which need to operate unattended.
Due to the ferroelectric nature of KTP, it may be periodically poled, thereby employing quasi-phase matching (QPM) to yield substantially higher effective nonlinearity and noncritical phase matching. At the same time, the large parametric gain bandwidth obtained close to degeneracy obviates the need for angular tuning arrangements in OPA's and OPO's [14 -16] . Recently we demonstrated that homogeneous large-aperture QPM structures can be fabricated in Rb:KTP, suitable for high-energy mid-infrared generation [17] . Periodically poled KTP (PPKTP) and Rb:KTP (PPRKTP) show similar or higher laser induced catastrophic damage threshold as single-domain KTP and Rb:KTP [18] [19] [20] [21] [22] . The catastrophic optical damage can be readily avoided by judiciously choosing optical intensities in the system design. The high effective nonlinearity in PPKTP and RPPKTP provides for large design margins. For long-term unattended system operation within a space environment it is important to consider other effects which could degrade the system performance.
All nonlinear crystals, to a different degree, are susceptible to formation of infraredabsorbing color centers produced by exposure to parasitic blue-ultraviolet optical radiation and ionizing radiation in space environment. Blue and green -light induced infrared absorption have been studied before in KTP, Rb:KTP as well as PPKTP and PPRKTP [23] [24] [25] [26] [27] . The color centers which are responsible for near-infrared absorption in KTP isomorphs are related to polarons formed by self-trapped photo-generated electrons and holes in proximity to Ti 4+ and O 2-ions, respectively [27] [28] [29] . It was shown that Rb-doping of KTP with concentrations of about 1% strongly reduces accumulation of the induced color centers, making PPRKTP superior in terms of quality of the large-aperture QPM structures and in terms of performance at high-average and peak-powers [30] . In contrast to catastrophic laserinduced damage, it is well known that the color centers in KTP isomorphs can be removed by annealing at temperatures above ~100°C.
For spaceborne LIDAR systems, the nonlinear crystals are not only subject to laser radiation, but also to the ionizing radiation from energetic electrons, protons and heavier ions originating from the Sun and cosmic rays, as well as gamma rays produced by collisions of the energetic particles with ions in the upper layers of the Earth atmosphere [31] . The radiation can create free carriers and introduce new defects in the nonlinear materials which, in turn give rise to additional linear absorption and leads to degradation of the device performance. The influence of gamma and proton radiation on transmission properties in commercially tradeable KTP and other nonlinear crystals has been previously studied with the focus on second-harmonic generation at 532 nm [32, 33] . It was found that the SHG efficiency decreased by about 15% after exposure to 139 krad dose of gamma radiation, primarily caused by the decrease in the linear transmission in the spectral range around 500 nm. On the other hand the transmission of KTP at 1 µm was only weakly modified by doses as high as 1000 krad [34] . Susceptibility of the periodically poled KTP and Rb:KTP has not been investigated so far. Assuming that some of the induced absorption is owing to the colorcenters of similar nature as produced by the UV radiation we might expect that it would be possible to devise a procedure for thermal annealing whereby the effects of the ionizing radiation are mitigated. In this work we investigate the effects of different doses of gamma radiation on the linear transmission properties in single domain KTP, a weakly doped Rb:
.01) as well as PPKTP and PPRKTP QPM structures designed for operation in 2 µm LIDAR. The measurements cover the entire transmission range of the crystals. Our results show that the main increase in absorption is contained in the visible spectral range and is somewhat weaker in the QPM structures. Furthermore, we show that thermal annealing at 150°C is effective in removing the induced color centers.
Experimental procedures
Before discussing the experimental procedures it is important to estimate the cumulative dose and the dose rate that the LIDAR instrument could be exposed to on board a satellite. Most of the protons and electrons are trapped by the Earth's magnetic field within van Allen radiation belts, so the total expected radiation dose during the mission strongly depends on the actual orbit of the satellite, shielding, as well as the activity of the Sun and changes in the Earth's magnetic field. For instance, the radiation dose measured on a satellite in a geostationary orbit (altitude of about 36000 km) was measured to be 50 krad/year by a dosimeter, which was shielded by a 1.89-mm-thick Al sheet [35] . Measurements on the satellite, with the highly elliptical orbit traversing van Allen radiation belts, gave the effective radiation dose of 135 krad/year under 2-mm thick Al shielding [36] . The majority of the Earth observation satellites, including passive atmospheric gas sensors (ENVISAT, OCO-2, GOSAT), are launched in the low Earth close to polar orbits (altitude of 100 −1000 km) where the expected radiation dose is much lower, about 2 krad/year for 2-mm-thick Al shielding [37] . Although the components in orbit are primarily exposed to energetic electron and proton radiation, it has been shown that gamma radiation exposure emitted by 60 Co sources, with photon energies of 1.17 MeV and 1.33 MeV, produces very similar radiation damage effects at equivalent doses [38] . Therefore gamma rays are suitable and a much lower-cost proxy for evaluating radiation hardness of the components. The irradiation experiments were performed at the MEGA and MILGA facilities at ONERA. The facilities are equipped with commercial 60 Co sources GMA2500 (dose rates 3.6 rad/h −10.8 krad/h) and GR50 (dose rates 0.36 rad/h -1.8 krad/h) (Fig. 1) . Both facilities are panoramic allowing for large volume irradiation (full room volume). Dose cartography of both facilities is calibrated annually utilizing a Radcal active system, and typical transmission and reflection measurements have an error of ± 0.01%. In order to determine the dosage rate, the distance between the sample and gamma source was varied according to calibration charts. Three dosages were chosen, specifically 10, 30 and 100 krad in accordance to the testing recommendations by the European Space Agency [39] . Moreover, similar doses have been used in the previous experiments reported in the literature [32, 33] .
Commercial flux-grown KTP and Rb:KTP wafers were cut to the sizes of 12 × 7 × 5 mm along x-y-z crystal axes, respectively. The optical surfaces corresponding to [100] planes were optically polished and left uncoated. One KTP and one Rb:KTP crystal was then periodically poled with the ferroelectric domain periodicity of 38.86 µm for type-0 degenerate parametric down-conversion from 1.064 µm to 2.128 µm.
The crystals were irradiated in three steps each time approximately tripling the radiation dose, as recommended by the ESA testing protocol [39] . Following the gamma irradiation of the nonlinear crystals with a predetermined dose, the transmission of each was measured. The transmission was measured using a Lambda 1050 Perkin-Elmer spectrophotometer coupled with an integrating sphere with a diameter of 150 mm. The spectrometer used has a maximum resolution of 0.05 nm in the visible and 0.2 nm in the near-infrared ranges. A Si-photodiode was used in the visible while an InGaAs photodiode in the near infrared. The longest accessible wavelength for this instrument was 1.4 µm. After the maximum irradiation dose of 100 krad, and transmission characterization, single domain KTP and Rb:KTP crystals were annealed at 150°C for 2 hours. The remaining crystals were kept at room temperature and their transmission characterized again after 24 hours. After the annealing, the transmission of the samples was measured again in the spectral range from visible to mid-infrared. For the transmission measurements in the mid-infrared we employed a FTIR spectrometer (PerkinElmer Spotlight 400). In all cases the transmission was measured for the optical beam propagating along the crystal x-axis.
Results and discussion
All samples were irradiated in three steps with the calibrated dose rate of 400 rad/hour to reach the dose of 10 krad. The first step lasted 25 hours, following which the samples were removed and their transmission immediately measured. After this, the irradiation continued for another 50 hours at the same dose rate to reach the cumulative dose of 30 krad. Again the transmission was measured immediately. Then the exposure continued for another 183 hours to reach the final cumulative dose of 100.32 krad. The dose rate is on the high-side of the "low-rate window" recommended for the radiation hardness assurance tests [39] . It is much higher than the dose rates of about 4.8rad/hour and 0.3rad/hour measured on satellites in the geostationary and low-earth orbit, respectively [35, 37] .
The optical transmission spectra in the visible and near-infrared for the single-domain KTP and Rb:KTP are shown in Fig. 2 . The corresponding spectra for the periodically poled crystals PPKTP and PPRKTP are shown in Fig. 3 . The black curves in these figures represent the spectra measured before gamma irradiation. The kink seen in the spectra at 860 nm is an artifact related to the change of the detectors/gratings in the spectrophotometer. The strongest decrease in absorption in all samples was in the visible spectral range ranging from 380 nm, i.e. close to the bandgap and down to the wavelength of 800 nm. The largest increase in absorption happened after initial irradiation step by 10 krad. Increasing the dosage we observed that the transmission tended to saturate at dosage of 30 krad. Thus, further increasing the dosage to 100 krad showed a minor effect on the overall transmission. After gamma irradiation single-domain KTP and Rb:KTP crystals were thermally annealed at 150°C for 2 hours and the transmission of each sample was re-measured. Both samples showed improved transmission in the visible range, approaching the measured initial transmission values prior to gamma irradiation.
The transmission spectra before and after gamma irradiation in PPKTP and PPRKTP are shown in Fig. 3 (a) and (b) , respectively. The conditions of the irradiation were equivalent to those used in the case of single-domain samples. The qualitative behavior of the irradiated periodically structured crystals is very similar to that observed in the single-domain samples. Namely, the absorption is induced in the same spectral range and it saturates after irradiation with the dose of 30 krad. After reaching the target cumulative dose of 100 krad and transmission characterization the samples where left at room temperature for 24 hours and their transmission was measured again. The results show that the induced absorption does not decrease appreciably, i.e. color center relaxation is very slow at the temperature of 24°C. For greater clarity, we have summarized the irradiation results for all samples which are shown in Fig. 4(a) . We show the measured transmission difference between the initial and 30 krad irradiated samples, since this is where saturation of the transmission was found. For KTP and RKTP we measured a maximum transmission difference approaching 2% and 1.5% respectively at around 600 nm. For PPKTP and PPRKTP, we measure a maximum transmission difference of 1.5%. Although radiation-induced absorption is systematically lower in poled crystals, the difference is too small to warrant strong conclusions. The difference might be related to the different concentration of native defects in the crystals. Although single domain and periodically poled samples came initially from the same crystal wafers, for poling we always select parts of the wafers with the lowest ionic conductivity, which directly related to the parts of the wafer with the lowest concentration of potassium and oxygen vacancies. It has been shown that these vacancies play a crucial role in stabilizing color-centers induced in KTP isomorphs by UV light [27] .
Finally, the sample transmission at wavelengths longer than 1 µm was measured using a FTIR spectrophotometer. The results are shown in Fig. 4(b) . The single domain samples have been annealed at 150°C for 2 hours before this measurement while the PPKTP and PPRKTP were kept at 24°C without annealing step. We paid particular interest to any long term changes around 2 µm, due to the relevance to 1 µm-pumped down-conversion schemes for spaceborne LIDAR instruments. The measurement showed that there is no discernible change in transmission in this spectral region even in the periodically poled samples without high-temperature annealing. The transmission spectra correspond to those reported in KTP isomorphs without any ionizing irradiation [40] . There are several possible mechanisms by which gamma rays can interact with dielectrics, like KTP isomorphs. To be more specific we used the XCOM program by NIST, to calculate gamma photon interaction cross sections for different processes in KTP [41] . As can be seen from the calculated dependencies in Fig. 5 , the main contributing process for the gamma photons emitted by the 60 Co source would be Compton scattering with some small contribution from electron-positron pair production. Compton electron energy spans a wide energy spectrum with energies of up to 60% of the gamma quantum for scattering at 180°. From the cross section data in Fig. 5 we can estimate that the Compton electron production rate will be about 4 × 10 8 s -1 cm −3 at the incident gamma dose rate of 400 rad/h. Some of those electrons at high energies will leave the crystal; the others will produce secondary electrons which eventually will end up building up a space charge in the crystal volume. It is wellestablished that Compton scattering of gamma rays can produce a space charge and associated strong internal electric fields in dielectrics [42, 43] . The space charge field will relax with a characteristic Maxwell relaxation time, 0 / τ εε σ = , where ε, ε 0 , σ are the dielectric constant, the permittivity of free space, and the electrical conductivity of the crystal, respectively. In KTP isomorphs used in this study with the typical ionic conductivity of 10 −6 S/m and the lowfrequency dielectric constant in the range of 10 3 [44] , the relaxation time will be in the range of 10 ms. First it should be stressed that the electric field produced by the space charge in our periodically poled samples was not strong enough to modify the QPM structure. This has been verified by not finding any difference in the quasi-phase matched second harmonic generation efficiency before and after radiation exposure with the dose of 100 krad.
The spatial charge relaxes in KTP and RKTP by redistribution of potassium ions K + and vacancies, (V K -) as well as free charge carriers both, intrinsic and induced by the radiation in the conduction and the valence bands. Part of the secondary electrons will have low enough energy (electron work function in KTP is about 4.5 eV [45] ) to be bound in the valence orbitals of the TiO 6 structural groups, which were ionized before by the gamma radiation or the Compton electrons. In KTP the electronic states of these structural groups are mostly contributing to the states at top of the valence band and at the bottom of the conduction band [46] . The electrons with higher energy could be captured with simultaneous generation of electron-hole pairs in the process similar to impact ionization in solids. The fact that the gamma-induced absorption centers can be readily annealed at the temperatures as low as 150°C, as well as similarity of the absorption spectra, indicate that these centers could be of the same origin as those produced by optical irradiation with intense blue-UV pulses. These centers are related to self-trapped free electrons and holes at the Ti 4+ /Ti 3+ and O 2-/O -, respectively, with stabilization provided by mobile potassium vacancies [27, 47, 48] .
Comparison of the induced absorption measured in our experiments with the measurements reported in the literature [32] [33] [34] indicates that the absolute value of the induced absorption depends much stronger on the gamma radiation dose rate than on the cumulative dose. That would be the case if the processes of free carrier generation, recombination as well as color center self-annealing by the generated phonons are competing. For different radiation dose rates the balance among these processes will be reached at different total radiation doses and at these doses one would expect saturation of the induced absorption.
Conclusions
We have investigated optical absorption induced by gamma radiation in KTP, Rb:KTP, PPKTP and PPRKTP nonlinear crystals with the aim of radiation hardness assurance tests for possible application in spaceborne 2 µm LIDAR missions. The cumulative radiation doses up to 100 krad with the dose rate of 400 rad/hour which were employed in this study significantly exceed the levels expected in a low Earth orbit where such instruments will be located. The measurements reveal that the main effect of the gamma radiation at the levels employed here is to induce additional absorption in the visible spectral range, while the changes in optical transmission in the range between 1 µm and 4 µm were not measurable. Moreover, the structure of periodically poled crystals was not impacted by the radiation. Investigation shows that the induced color centers could be readily annealed at temperatures of 150°C and higher, while they remained stable at room temperature. The characteristics of the induced color centers seem to be very similar to those generated by high intensity picosecond optical pulses in blue-ultraviolet spectral region and are attributed to self-trapped excess electrons and holes in the vicinity to Ti 4+ /Ti 3+ and O 2-/O -centers in the TiO 6 structural groups and possibly self-trapped excitons.
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